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NATIONAI ADVISORY COMMITTEE FOR AERONAUTICS
TECHNICAL NOTE NO. 94O

CHARTS FOR RAPID ANALYSIS OF L5° STRAIN-ROSETTE DATA

SUMMARY

Charts are presented for rapidly determining the principal
strains and stresses, the maximum shear strain and stress, and the
orientation of principal axes from data on L5° strain rosettes.

The charts may be used for analyzing the conventlonal data consisting
of strains measured along three gage lines L5° apart, but their
application is more direct if the rosette data are obtained by means
of special.circuits that require the use of four gages 15° apart.

INTRODUCTION

The determination of the principal strains and stresses at the
surface of a member under load is usually accomplished by means of
strain rosettes. A strain rosette consists of three or more inde-
pendent strain gages placed in close proximity and usually orientated
at equal angles to one another. The rosette is attached to the sur-
face of the test member at the point at which it is desired to
determine the principal strains and stresses, and strain indications
are observed for the directions along which the gages are orientated.
The observed strains are then reduced to principal strains and
stresses by a consideration of the laws of strain and stress distri-
butlion. 2t the point under test. L

The mathematical equations for reducing strain-rosette data
are well established and are summarized in reference 1 (pp. 38-L0O).
Hill (reference 2) has devised a semigraphical method for analyzing
the data. Combination charts and nomographs for use with data from
four gages L5° apart have been prepared by Stang and Greenspan.
(See reference 3.) Klemperer (reference Li) has developed an elec-
trical computer for automatic analysis of strain-rosette data, and
in reference 5 Murray has suggested a mechanical computer for this
purpose. Other methods of reducing strain-rosette data are
described in the discussion of reference 5 and in references 6 to
11.

RESTRICTED
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Although the ideal solution of the rosette problem is by the
use of electrical or mechanical computers, such compulers are not
available at all times. A chart by means of which strain-rosette
data can be rapidly reduced with little computation and without the
use of drafting instruments is very useful for occasional and
repeated calculations. The object of this report is to present
charts for use with three-gage 45° rosettes. #rom a single chart
the maximum shear sirain, the major and minor principal strains,
and the orientation of the principal axes may be determined. If
stress quantities are desired, the maximum shesar strsss, the major
and minor principal stiresses, and the orientation of the principal
axes may be obtained from a second chart. A chart (suggested by
Meier in his discussion of reference 5) is included for converting
principal strains, however obtained, into corresponding principal
stresses. The charts involving stresses arz strictly applicable

only to steel of an elastic modulus of 30 X 10 pounds per square
inch and a Poisson's ratio of (0.3, For application to structural
materials of a different modulus of elasticity bubt of the same
Poisson's ratio, the chart values may be rapidly converted by the
aid of single proportionality factors. If gr=at accuracy is desired,
individual charts may be constructed that take into account the
exact elastic modulus and Poisson's ratio for-any desired material.
The method of construction is presented in the appendix.

The charts contain several families of limes, which may prove
objectionable in repeated calculations. "Mechanical charts," in
which most of the lines are replaced by two sliding hairlines and
one pivoted hairline, have been found to yield rapld and accurate
results. Such charts are also described.

Although the charts are suitable for analyzing the usual sirain
data from a three-~gage L5° rosette, their application is more direct
if special circuits requiring the use of four gages L5°C apart are
used Lo obtain the rosette data. Diagrams of the basic circuits
for measuring the three strain quantities that are fundamental in
rosette analysis are presented herein.

If only maximum shear strains and stresses and orientation of
principal axes are desired, two obssrvations on a three-gage rosette
are sufficient. No switches are required in the resistance-sensitive
elements of the circuit, and the results are independent of temper-
ature changes during the investigation. : '

The charts were constructed at the Aircraft Engine Research
Laboratory of the NACA during the spring of 1943 for use in reducing
data from rosettes attached to crankcases and other engine parts.
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The following notation is used in the charts:

€17 €21 €3 observed strain indications on gages 1, 2, and 3 of a
hS rosette, inches per inch. Gage 1 is the refer—
ence gage. Gage 2 is orientated at L5% and gage 3
is orientated at 90° positive counterclockwise to

gage 1.

€ € major and minor principal strains at point of surface

q under test, inches per inch

Ymax maximum’ shear strain at point of surface under test,
inches per inch

qp’ Gq major and minor principal stresses at point of surface
under tests, pounds per square inch

Tmax .. .maximum shear stress at point of surface under test,
pounds per square inch

ep, Qq angles of axes of major and minor principal stresses
and strains. Degrees are measured positive counter-
clockwise from reference gage 1 of rosette.

B modulus of elasticity, pounds per sguare inch

u Poisson's ratio

USE CF CHARTS

The charts presuppose a knowledge of the strain quantities
(€2 - €1)s (€ =~ €z), and (€ + €3). These strain quantities
may be calculated from the individual strain-gage readings of the
rosette, or they may be cbserved directly by msans of special cir-
cuits described in a later section of this reporte.

The. three foregoing fundamental strain quantities are all it~
tiplied by some power of. 10 to bring. them within the range of the
scales in figures 1, 2, and 3. In very rare instances, it may be -
necessary to use a multiplying factor of 2 or 3 in order to bring
the data to a convenlent portion of the chart. In most cases,

factors of 1071 » 1, and 10 will suffice. The charts of figures 1,
2, or 3 are then employed for rapid analysis of the data in terms
of either strain or stress. Detailed instructions on the method
of their use are given directly on the charts. In order to obtain
true values of strain and strass quantities, the values obtainad
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from the charts are divided by the same factor as that used to mul-
tiply the strain quantities (€5 - €1), (€2 —63), and (€1 + €3)
Orientation of principal axes are unaffected by the multiplying
factor; then, regardless of the multiplying factor, the chart indi-
cation yields the true orientation of the principal axes.

Figure 1 is used when it is desired to reduce rosette data to
terms of maximum and minimum strains at the point of surface under
test. This particular chart is universal in application and may be
applied to data on any material.

The chart of figure 2 (see the discussion by Meier of refer-

, ence 5) has general application, within the elastic limit of the
material, in converting principal strains determined either from
figure 1 or by any other method into correspoundirig principal stresses
and maximum shear stress. The chart is direct reading for steel

that has a modulus of elasticity of 30 X 106 pounds per sgquare inch
and a Poisson's ratio of 0.3. For other structural metals, Poisson's
ratic is sufficiently close to 0.3 that relatively small errors are
introduced by calculating the true sitresses from chart values by

the relations ' .

El
ot = —2rg ]
Pz y10® ¥

' = |
% T 35 X100 ¢ ¢ (1)

T t o= E T
= max 6 max
30 x 10

v

where

op, Gq, T max principal stresses and maximum shear stress bbtained
from chart (fig. 2), pounds per square inch

Gp', Gq"Tnﬁx' true principal stresses and maximum shear stress for
i material under test, pounds per square inch

E! - médulus of elasticity of material under test, pounds
per square inch

When principal strains are not required and it is desired to
proceed immediately from rosette data to data on maximum and minimum
stress, figure 3 may be directly applied, provided that the strains
are within the elastic limit of the material. Equations (1) are
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applied to the chart values of stregs when the modulus of elasticity

of the test material is not 30 X 10° pounds per square inch. The

- chart value of the orientation of the principal axes is unaffected
by materizal.

Analysis of data by figures 1 and 2. - The use of figures 1
and 2 will be demonstrated by means of an 41lustrative example:

Strain quantit
(microin./inlg

(€2 —€1) (g ~€3) (81 *+ €3)
35 20 30

1. Multiply all strain quantities by 10. Data become:
(62 - Gl) (62 - €3) (el + C})

- .. 350 200 . . 300

2. In figure 1, locate point with coordinates (€2 -9) = 350
and (€, - €;) = 200. At this point <Yp,, = 570 microinches per
inch and Gp = 52,6, The scale ﬁarked (¥ is used for determi-
nation of orientation of the axes because (62 - 63) is positive,

%« Follow a circle from the point located in 2 until the verti-
cal axis is intersected at a value of L03 microinches per inch.
Follow the horizontal direction from phis peoint to an abscissa
(e + € ) of 300 microinches per inchj; the major and minor prin-

clpal stralns are L35 and -135 microinches per inch, respectiveély.

4. From figure 2, locate point where €q = ~135 microinches
per inch and ep = }435 microinches per inch. The major and minor

principal stresses are, respectively, 13,000 and -150 pounds per
square inch. The maximum shear stress is 6600 pounds per square
inch.

5. Divide all strains and stresses by the original multiplying
factor 10; the final results are:
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T %% | €q¢ | Ymax | 9p | Oq | Tmax S
: (deg
(microin. per in.) | (1b per sg¢ in.) | counter-
clockwise)
Lz.5f -13.5} 57.0 | 1300} -15{ 660 52.6

“Analysis of data by figure %. - The use of figure 3, using the

‘same example, is as follows:

1. Multiply strain quantities by 10 as before.

2. At—the point with coordinates (e, = el) = 350 microinches
per inch and (62 T & } = 200 microinches per inch, Tmax = 6600 pounds

per square inch and e = 52.6° positive counterclockwise to direction
of gage 1. .

3« As in direction 3 of the preceding analysis, locate final
point. From families of inclined lines major and minor principal
stresses are 13,000 and -150 pounds per square ilnch, respectively.

L. Divide stresses by original multiplying factor 10, and the
stresses are as given in the foregoing table. _ _

Accuracy of analysis. - The foregoing stress and strain quan-
tities, as determined from the charts, are within 1 percent of the
computed values. In general, strain quantities may be obtalned
from the charts to within 5 microinches per inch and stress quantities
to within 200 pounds per square inch. The accuracy of the final
result depends on the multiplication factor used in the analysis.
In the illustrative example, the final stresses and strains wers
thus obtained by multiplying the-chart values by O.1l; hence, for a
chart accuracy of § microinches per inch and 200 pounds per square
inch, the final stresses and strains are accurate tv within
0.5 mlcrolnch per inch and 20 pounds per square inch.

MECHANICAL CHARTS

It isg possible to replace several of the families of lines in
figures 1 and 3 by introducing two sliding hairlines and one pivoted
hairline with an index rider. Such a mechanical chart, which corre—
sponds to figure 1, is shown in figure L.
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The operation of the mechanical chart is deduced directly from
the procedure followed in using the previously described chartis.
The vertical and horizontal hairlines simply replace the corre-
sponding coordinate families; the pivoted hairline replaces the
radial and the circular families of lines. The following procedure
is required to operate the mechanical chart:

1. Move the vertical hairline to.a coordinate of (62 -_ el)

and the horizontal hairline to a coordinate of (62 - €,). Use the
absolute value aof (€5 - 63) and disregard its algebraic signe.

2. Rotate the pivoted hairline until it passes through the
intersection of the vertical and horizontal hairlines. Move the
index rider on the pivoted hairline to the point of intersection.
Read GP from the radial-line scale. Use the scale marked @@
if (€2 - €5) is positive and the scale marked (& if §€2 - 63)

is negative.

3. Rotate the pivoted hairline until it is in a vertical posi-
tion and slide the horizontal hairline up to the index rider of the
pivoted hairline, Read maximum shear strain from intersection of
horizontal hairline and 4. 'scale.’

L. Move vertical hairline to coordinate of (el + 63) and" '™
read ¢ and ¢ at intersection of vertical and horizontal hair-

lines.

q

CIRCUITS FOR MEASURING SUMS AND DIFFERENCES OF STRAINS

It is observed from ths expressions in the appendix involving
stresses and strains that the strains €15 €5, and €z occur only
in the combinations (52 - el), (52 - 53), and (El + 65); hence,
if the circuits are arranged to be direct reading of these strain
quantities, the amount of time required for analyzing rosette data
will be reduced. Bach observed quantity, furthermore, will be sub-
ject to.only one observational error whereas, if the sum and differ-
ence quantities are obtained by calculation from the individual
strain quantities, the resultis are subject to two ocbservational
errors. The problem is, then, to devise circuits for directly
obtaining the three strain quantities :(62 - el), (62 - 63), and

(gl o+ 65) .
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Basis of Circuits

Figure 5-shows a standard brldge c1rcu1t. If the bridge is
initially balanced ; ’ T

'RaXRd=RFXHc _ (2)

Let R;, Ry, ERgs and Ry, respectively, assume the increments
-ARg, ARp, AR,, and ARy such that the balance of the bridge is
not—destrgyed. Then ’

(Ra + BRa) X (Rq + ARq) = (Rp + ARp) X (Re + ARg).

-— or . . . R -

R Rq + ARgRq + ARgR, + ARgARg = RpRe + ARpRe + ARgRp + ARpAR, (3)

If all increments of resistance are so smzll that the products
of _two lneremerits may be neglected in equation (3) and, in addition,
i &l1] resistances are lnltlaILY approxlmately equal, equatlon (3)
Teduces to .

— --————-—ﬁRa +.'AR'd = ARb + ARC

or
ARg = ARy, + AR, ~ ARy (L)

When the increments are arbitrary and the final balance does not
necessarily result, the voltage across the galvanometer Av is
approximately proportional to

Av o ARy, + AR, — ARg = ARy ()

A basis is now pro¥ided for measurement of sums and differences of
strains. Let R; and Ry be gages 1 and 2 of a rosette, let Rg
be a fixed resistor (AR¢ = 0), and let Ry be a strain gage on

a calibrated cantilever suitable for producing bridge balance sub-
sequent to strain in Ry and R,. Then, by equation (L), the
increment— ARy required to pfoduce the balance is numerically eégual
to—the difference in resistance change of gage 2 and gage 1, which,
in turn, is proportional to (€p ~ €31). By analogous arrangement,
(62 - ¢,) mey be obtained. TIf a deflection galvanometer or auto-
matic voltage-recording equipment is used for measurement of strain,
Rg may be a fixed resistor, and the galvanometer reading would
yield a direct measure of the required strain differences.
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In order to obtain a measure of (el + e3), Rg is made a fixed
resistor, and B, and R, are gages 1 and 3, respectively. An
alternate method of obtaining a measure of (€1 + €3) is to intro-

duce a fourth gage at right angles to gage 2. This gage is known as
gage | of the rosette. Inasmuch as 1t can be deduced from equa-—
tion (1. 35) of reference 1 that

€1 *e€3z T€p + € (6)

gages 2 and Li may be made the opposite arms of the bridge and the
sum of their strains taken as a measure of (64 + € ) This intro—

duction of a fourth gage simplifies the 1nstrumentatlon, but it does
not serve the purpose, as a fourth gage usually does, of providing
a set of redundant data to check the readings of the other gages.

Circuit for Four-Gage Rosette

The diagram of the basic circuit for obtaining the three quanti-
ties (€ = €1)s (€5 - € ), and (eq + €3) is shown in figure 6.
The balancing resistors - Rl, Rs, Rz - serve to bring the galva-
nometer to a null deflection for switéh positions 1, 2, and 3,
respectively, prior to application of strain on the gages. Subsequent
to application of strain, the increment in the balancing standard R,

necessary to bring the galvanometer to a null reading, when the switch
is in position 1, is proportional to (65 = €9)- In position 2 of

the galvanometer switch the increment in Ro required for balance

is proportional to " In position 3% the increment is pro-

portional to (€5 + eug W%lch, in turn, is equal to (e + €3)

Circuit for Successive Readings on Many Rosattes of Four Gages

When it is desired to obtain readings from many rosettes, the
circuit of figure 7 may be used. The arrangement requires a double-
pole, multithrow switch, in which the numbér of throws is squal to
the number of rosettes to be tested. A single-pole, triple-~throw
switch is regquired for each rosette to be tested. The galvanometer
may be either null type or deflection type, or it may be replaced
by automatic voltage-unbalance-recording equipment. For use with a
null-type galvanometer the resistors R must be variasble by known
~ amounts in order to bring the bridge to balance for each of the
three positions of the position selector. With the rosette sslector
set to a given rosette ths change in resistance of R required te
produce bridge balance far positions 1, 2, and 3 of the position

. Selector yields (€5 - €), (&5 - 63), and (€ +€) =€y ¥ 63),
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respectively. For use-with a deflection galvanometer or automatic

voltage-recording equipment the resistors R must be fixed, and

the unbalance of the galvanometer for each of the selector positions
-~ — . ——yields the foregoing sirain quantities.

The circuit of figure 7 can, of course, be used for the general
purpose of successively measuring the indivudual strains on many
gages. It _is only necessary to insert fixed resistors between the
terminals allocated to gage 2 of the rosettes when the rosettes are
tested. Due consideration should also be given to the signs of the
strain indications. 1In positiohs T and 2 of the selector switch the
strains indicated are the negative of the true strain values.

- — © 7 Circuit for Measurement of Dynamic Strains

The circult of figure 6 may be used for measurement of dynamic
stress by means of rosettes.  The galvanometer is replaced by threé
oscillographs with suitable preamplifiers, and the thres basic
strain quantities (ez - ), (€2 - €3), and (€2 + £} =€ + €3)

. are simultaneously obtained. For measurement of total stress and
audiaofrequency alternating-current excitation voltdge is used instead
of the battery shown in the figure. Suitdble condensers are alsa
placed in-parallel with the balancing resistors in order to effect
phase as well as resistance balance. The common terminal A of
all the imputs to the amplifiers may be grounded if necessary.

Circult for Shear Values and Axes Orientation Only

Under somé conditions it may be desirable to determine only
maximum shear strain, maximum shear stress, and orientation of the
principal axes. For this purpose the special circuits are ideally
suited. Only (€2 - €1) "and (€2 - €3) need be measured; thus,
two measurements suffice where three would be required if €3, €2,
e . _and €z were individually determined. 'The two measurements of
(eg — €1) and (€2 - €3) may be obtained with a standard rosette
of three gages. The basis of the circuits for this purpose is the
circuit of figure & 'with @), 'R, and position 3 of the selector
switch removed. Only positions 1 and 2 of the selactor switch are
required. ‘The modifications to the other circuit diagram (fig. 7)
for successive measurements on many rosettes are similar.
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Temperature Gompensation in Circuits

Tt is. interesting to note ‘that, if all gages have the same tem-
perature coefficient of resistance, the readings (62 - €) and

(€5 = ) are inherently temperature-compensated; hence, determina-

tions of maximum shear strain and stress are not affected by varia-
tion in ambient temperature. This fact is so because temperature
variation, which manifests itself as equael strains in all directions
at a point on a test _Specimen, does not introduce any shear strains
nor does it alter the direction of the principal axes. If only shear
values and orientation of principal axes are of interest, no regard
need be given to temperature compensation.

The reading (e + € ) is not inherently temperature-corpensated.

Effects of temperature varlation may be minimized, howsver, by making
R, and Rh dummy gages mounted on a metal strip of the same material
. as that under test and placed in proximity to the test specimen.

This procedure is possible only in the case when strains are observed
with a deflection galvanometer or with automatic voltage-unbalance—‘
recording equipment. Initial bridge balance in such a case is

- obtained by means of a large variable resistor {that may be switched
in parallel with either Ry or Gh' Error due to the balancing

resistor may be minimized by choosing all gage resistances very
closely equal.

: Unless many rosettes are to be analyzed and considersble time
can be saved by obtaining O +‘:h) directly, the special circults

may not be advantageous for a determination of principal stresses.
Instead, it may be better to use the temperature-compensated values
of €5 €5 and € individually determined and, subsequently,

to combine them into sums and differences for use with figures 1, 2,
and 3. The special circuibs are, however, particularly suited to
the determination of maximum shear values and orientation of princi-
pal axes.

CONCLUDING REMARKS

The charts presented in this report are suitable for a rapid
analysis of data from rosettes consisting of three gages L5° apart.
Special circuits have been deéscribed that yield the rosette data in
‘a form more sultable for analysis by the application of the charts,
For a determination of maximum shear strain and orientation of prin-
cipal axes, the special circuits are very satisfactory since they
-eliminate temperature—compensation problems and permit a complete
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detérmination from only two observations of strain. The special
circuits far obtaining the data required in the. determination of
principal strains and stresses, as well as shear values, require
four strain gages and present a problem of temperature compensation
(although no more serious than the usual problem of temperature com-
pensation in ordinary strain measurements). Unless a large number
of rosettes are to be anslyzed, the speclal circuits may not afford
a saving in time over the usual atrain-measuring circuits. They
are interesting in any case, however, in that they indicate how the
fundamental strain quantities can be obtained,

Alrcraft—Engine Research laboratory,
National Advisory Committee for Aeronautics,
Cleveldnd, Ohio, December 27, 1%L3.
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APPENDIX
CONSTRUCTION OF .CHARTS

Explanatlon of the construction of the various families of
lines in the charts. of figures 1, 2, and 3 is presented in order to
indicate how charts similar to those of figures 2 and 3 may be con—
structed to be direct reading for any material. If mmerous tests
are to be performed on a given material, it is advisable to deter-
mine accurately the modulus of elasticity and the Poisson's ratio
for the material and to construct a chart for the materisl similar
to that of figure 3. A convenient method of effecting the determi-
natiori is to apply several rosettes to a strip of the material and
subsequently to stress the strip unilaterally. With the aid of
figure 1 the rosette data may be analyzed to obtain the principal
strains. The absolute value of the ratio of the minor principal
strain to the major principal strain is Poisson!s ratio, and the
major principal strain, in .conjunction with the known loads, may
be used to determine the modulus of elasticity.

Maximum Shear Strain and Stress

The expression for maximum shear strain, by deduction from
equations (1.30), (1.L6)., and (1.47) of reference 1, is

max = €p ~€q = VZ \/(ez -el)2 + (g, —65)2 (7

v

The coordinate axes of figure 1 are (52 - el) and (e2 - 63).

Tt is clear that the distance from the origin to any point with
coordinates (€5 =€) and (¢, — € ) will be given by the square-
root quantity containing strain differences in equation (7), hence,
circles with centers at the origin are Ioci of constant maximum

shear strain. The multiplying factor /2 may be taken into account
by proper calibration of the concentric circles.

The expression for maximum shear stress is deduced from equa-
tions (1.h43), (1L.h6)}, and (1L.47) of reference 1.

Tmax=. 1+u-L[(e: -e (e —63)2 (8)

Again, concentric circles on a chart of coerdinate axes (62 - 61)
and (€5 = 63) represent loci of constant Tysys Such circles are
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shown in figure 3 for steel of a modulus of elasticity of -

30 x 10” pounds pér square inch -and a Poisson's ratio of 0.3. Con-
struction of a chart for a different material of known modulus of
elasticity and Poisson's ratio involves. substitution of numerical
values of E eand 'u 1in equation (8). Assumed values of T,,, are
substituted in the equation, and ‘the square-fool quanitity is calcu-
lated for each assumed value. The mimerical value af the square-
root quantity is the radlus of the circle corresponding to its
assumed Tmax*

Orientation of Major Principal Axis

The angle of the major principal axis measured positive coun-
terclockwise from the direction of gage 1 is determined from equa-
tion (1.48) of reference 1 to be

2€, = (&5 +¢€3)
tan 26, = E€= . i~ 2 )
. . -
This eqQuation may be rewritten .
(€p T &) * (€5 - &)

tan 26, =
P (€2 - €3) - (€2 - cl)
from which maey be deduced .

reeervemsar i (9)
an ep ‘

€2 =€

If, in equation (9), & value.of 6 is assumed, the expression takes
the form (€2 -ec) =K (€2 - cl) where X is a constant depending
on the assumed value of 6,. In a plane of coordinate system

(eé - el) and (12-€ ), this equation represents a straight line

through the origin, The locus of points of constant angle is thus a
straight line through the origin.

In figures 1 and 3 the radial straight lines constitute the
family from which the orientation of the prineipsl axes may be deter-
mined. If the chart were complete, with four gquadrants shown in
order to provide for both positive and negative values of (e - € ) -

and (e - €,), a single scale would suffice to completely establish

the angle of %he major principal axes. In figures 1 and 3 only two
quadrants sre shown, which make two scales necessary.
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Major Principal Strain and Stress

The expression for the major. pr1n01pa1 strain (equatlon (L.L6),
reference 1) is

_(eg * €3)
p 3

[A

-L"\f_\/(cz - €)%+ (g, - 63)2 - ()

In the determination of the maximum shear strain and the orien-
tation of principal axes, the point with coordinates (€2 - €l)

and (€ - € ) has already been located. If the circle on which

this p01nt 1ies is followed until the vertical ax1s is intersected,
a value of (e2 - 63) is obtained such that

(e2 = EB)' =-\/(e:2 - el)z + (€, - e3)2 (11)

-

Equation (10) becomes

1
€p T 3 (el + 63) + '_(62-_-6 (12)

50"
If, now, a set of new axes for coordinates _(62-— 63)' and (el + 63)
are imagined to be superimposed on -the original set of axes, equa-

tion (12) represents a linear relation_in (€1 * €3) and (€5 ~ 63)'.

When consecutive values of ¢ are assumed, equatlon (12) yields,
for each assumed value of €ps @ straight-line variation of

(63 T €5) With (e, = e5)!

In figure 1 such a family of straight.lines is.shown. From
the foregoing discussiaon it is evident that the procedure for deter-
mining the major principal strain is as. follows: locate a point
the coordinates of which are (€5 ~ €9) and (e, l-53);_follow the

circle on which this point lies until the vertical axis is -inter-

. - = - - 2 : .
sected; a value of (62 63)f \/(62 - 312?+<e 63) is obtained;

from the point of intersection, follow-the horizontal direction to
an abscissa of (e + 53) The line of the family of €p that

passes through the final p01nt located defines a value of €p that
satisfies equation (12) and is therefore the major principal strain.
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~The equation for major principal stress by deduction from equa-
tions (1.53), (3.k6), and (1.47) of reference 1 is

+ €

E _el 2S5
°p= o 2Crruca) E[?-(l —u), 2(1+u)\/(€2 “ 2+<€?_€5)2](B)

In a manner analogous to that used in obtaining equation (12) from
equation (10), equation (13) is reduced to

€l + 65 \/-.2- .
T [2<1 Ty tEa W, 2 7o) (1h)

The relation 1s again linear, and the lines representing a constant
value of O, are obtained by substituting this value of Op in

equation (lﬁ), the eguation of the straight line between (€ * €3)
and (€, - €3)' 1is thereby obtained. -

"7 In figure 3 a family of lines for Gp are drawn for steel of

a modulus of elasticity of 20 x 106 pdunds per sduare inch and a -
Poisson's ratio of 0.3, In order to obtzin charts for other mate-

rials, the procedure is to substitute-the proper values of E and

4 in equation (1) and thus to obtaim the eguation of a straight

line betwsen . (¢4 +e,) and (e, - 63)' for any constant value of

GP; When values of ¢ at equal intervals are assumed, a family

of equidistant parallel lines resulits. PFach line is labeled to
correspond to the value of Op defining it, ’

Minor Principal Strain and Stress

-—--The analysis of the familles of lines defining the minor prin-
cipal strains and stresses is similar to the foregoing analysis for
the major principal strains and stresses. The only difference is
that a negative sign precedes the sqnare-root quantity, whlch affects
the slopes of the familles of lines.

Principal Stresses from Principal Strains

The relations between principal stresses and principal strains,
deduced from equations (1.39) of reference 1, are
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op’ = ﬁ?ﬁp + eq] (15)
and . I . - _ .
O = 1_]3—7[&1 + EpJ (16)
-

If values are assigned to o_. or Og» ‘straight~line relations
in €y and €q result. This fact suggests a chart such as figure 2

for immediate conversion of principa1 strains into principal stresses.
Figure 2 is applicable to steel of an elastic modulus of

30 x 10~ pounds per square inch and a Poisson's ratio of 0.3. In
order to use the chart for a structural material with a Poissont's
ratio of approximately 0.3 and an elastic modulus E', equation (1)

may be applied to values of cp and cq obtained from figure 2.
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frgure 5.~ Standard b/-/'a’ye crrcurt.

>
A, Rz Rx - Gg §

Figure 6.~ Diagram of basic circuit for obldining the
three strarin guanitiifes fundsmenial /n snslysrs of datls
from a 4-gage 45°strain rosetfe. G;,Gz,G5 and Gy gages of
rosette ; £),,RPy Ly b3loncing resistors For null deflectron
of galvanometer in positions 1,2,3; B stondard for re-

balarncing after gages frave beerr strarned.
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figure 1.- Circult diagram for obtaiming the three fundamentsl stramn quantities
from many 4-gage 45° rosettes successively.
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